Exact and asymptotic solutions to a linear rate equation for fragmentation with mass loss are presented. Solutions for spatially discrete random bond annihilation illustrate the mutual exclusiveness of the fragmentation and recession terms in the rate equation. Exact solutions for deterministic equal fragment recession show that continuous mass loss between fragmentation events can be approximated by discrete mass loss during fragmentation events when this mass loss is small. Evidence that continuous and discrete mass loss preclude shattering mass loss, the loss of mass to zeromass particles due to runaway fragmentation, is presented. General asymptotic scaling forms, general solutions reAecting arbitrary initial conditions, and explicit scaling solutions are derived.
I. INTRODUCTION
The physics of fragmentation for mass-conserving systems has attracted recent attention. Dynamic scaling relations have been derived explicitly for random scission of one-dimensional chains' and have been shown to exist for general scission processes.
Scission rates which diverge in the limit of small particles yield "shattering, "
runaway fragmentation producing unexpected loss of mass to zero-mass particles. Random scission concepts grew out of polymer breakup applications and agree with experimental data on comminution (grinding) . Physical systems which do not conserve solid mass during fragmentation abound. Oxidation, melting, sublimation, and dissolution cause the exposed surface of a porous solid particle to recede continuously, eventually leading to total loss of the solid mass of the particle. This surface recession can widen the pores of a solid, causing loss of connectivity and fragmentation as the pores fuse [Fig. 1(a) 
II. RATE EQUATION
The rate equation for linear fragmentation with mass loss, Bn(x, t) = -a(x)n(x, t)+ f a(y)b(x~y)n(y, t)dy oo ai X + [c (x) n(x, t)], involves a particle mass distribution n (x, t), a fragmentation rate a (x), a distribution b(~yx) of particle masses x spawned by the fragmentation of a particle of mass y, and a continuous mass loss rate c (x), defined so that c ( m (t) ) = -dm /dt for a particle of time-dependent mass m(t). The terms on the right side of Eq. (1) 
where the equality is valid to first order in dx. Neglecting fragmentation, the number of particles in the group cannot change, so that (1), (2), and (3), dn, (t) dt a"-n"(t)+ g a b"~~n~(t) +c +,n"+, (t) -c"n"(t), (7) g xb =(1 -A, )y,
to simple one-dimensional fragmentation processes.
Here, n" (t) 
The recurrence relations imply that =x 'b'(x ly ), c(x)=xt 'c'(x'), n(x, t)=n(xx', tt') =x 'n'(x', t'), A, (y)=A, '(y'), and JV(y)=JV'(y'). Substituting these relations leaves Eqs. (1) - (3) 
with a y-independent average discrete loss fraction A, and average number of fragments JV. Thus, the scaling regime is a set of conditions under which all physical properties are scale invariant: the particle mass distribution, apart from trivial spatial rescaling, looks the same at all times.
To determine the conditions necessary for runaway fragmentation, or "shattering, " we define the moments M&(t)= f0 x "n(x, t)dx and L"= f Or"h (r)dr These al-.
low us to write the pth moment of Eq. (14) as
where the overdot signifies a time derivative and ex&+ +'n(x, t)~0 =0. The rate of change of the total mass of the system is given by Eq. (17) with p= 1. Setting p = 1+5 with positive 5~0, using the first-order expansion L, +t, =L, hE with E= --(dL"/dp)", &0, and using Eq. ' 'r ". Infinite particle lifetimes for y )1 reflect the small mass-loss rates c (x) = ex r for small particle masses x.
The relation y = o, + 1 and the restricted form b(xly)= h(x/y)/y yield a scale-invariant form of Eq.
(1),
an(x, t) = -x n(x, t)+ I y 'h(x/y)n(y, t)dy (22) where g=xt' is the scaling variable. Although Eq. (14) n (x, t)=t x'g(xt'), It would also be useful to compare the predictions of the
